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ABSTRACT
A Heat pump is a system that follows the vapor compression cycle in which a vapor is
compressed, then condensed to a liquid, following which the pressure is dropped so that fluid
can evaporate at a low pressure. The system is considered to be a continuous system as there
is a refrigerant whose state changes continuously throughout the system.
This thesis work presents the application of the Simulation program SIMAN in a continuous
modeling environment. The Refrigeration cycle was chosen as the Heat Pump as there is a
continuous flow of the refrigerant through the system and hence was an excellent system for
a continuous simulation problem. The Variables in the Heat Pump model were written as
State variables in Fortran and was linked with SIMAN and the whole process was then
controlled by the SIMAN processor.
KEYWORDS : Compressor, Condenser, Evaporator, Pressure, Enthalpy, Mass flow rate,
State Variables, Enthalpy, Entropy, Volumetric Efficiency, Universal Gas constant.
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CHAPTER 1
Introduction and Background
Simulation has become an extremely powerful analysis tool in an increasingly competitive
world. It is being used in planning, design, and control of systems. Simulation however
gives us the essence, and not the reality, which may allow us to focus on important features
of the system rather than the confounding details. It involves the modeling of a process or a
system in such a way that the model mimics the response of the actual system under a given
set of conditions to events that take place over time.
The problems facing industry, commerce, government, and society in general continue to
grow in size and complexity. A need for procedures and techniques for resolving such
problems are apparent. Simulation models have proved to be the ideal tools to study the real
world. In the broadest sense, computer simulation is the process of designing
mathematical-
logical model of a real system and experimenting with this model on a computer. Thus
simulation encompasses a model building process as well as the design and implementation
of an appropriate experiment involving that model.
Simulation modeling assumes that we can describe a system in terms acceptable to a
computing system. In this regard, a key concept is that of a system state description. If the
system can be characterized by a set of variables, with each combination of variable values
representing a unique state or condition of the system, then manipulation of the variable
values simulated movement of the system from state to state. These changes can occur
continuously over time or at discrete instants of time. The discrete instants can be
established deterministically or stochastically depending on the nature of model inputs.
Though the procedures for discrete and continuous models vary, the basic concept of
simulating a system over time remains the
same.
The term "system", used in the world of simulation refers to a collection of items from a
circumscribed sector of reality that is the object of study or interest. To consider the scope of
the system, one must contemplate its boundaries and contents. The term models refer to the
descriptions of the systems. Model building is a complex process, and in most fields, is an
art.
Computer simulation is the process of designing a mathematical-logical model of a real
system which can be
"experimented"
on a computer.
1.1 The simulation process :
A simulation process involves the following ten steps. In modeling the heat pump system,
this simulation process is carefully followed. This section numbers covering each of the
steps are also indicated.
1. Problem Formulation The definition of the problem including a
statement of the problem-solving objectives.
[Section 3.1 - Problem Definition]
2. Model building The abstraction of the system into
mathematical-logical relationships in
accordance with the problem formulation.
[Section 3.4 - Model Building]
3. Data Acquisition The identification, specification, and collection
of data. [Section 3.5 - Data acquisition and
specification]
4. Model Translation The preparation of the model for computer
processing. [Section 3.6 - Model Translation using
SIMAN Subroutines]
5. Verification The process of establishing that the computer
program executes as intended. [Section 3.7 -
Model Verification]
6. Validation The process of establishing that a desired
accuracy or correspondence exists between the
simulation model and the real system. [Section 3.8
Model validation]
7. Strategic and tactical planning The process of establishing the experimental
conditions for using the model. [Section 3.9
Experimental conditions]
8. Experimentation The execution of the simulation model to
obtain output values. [Section 3.10-
Experimentation]
9. Analysis of Results The process of analyzing the simulation to
draw inferences and make recommendations
for problem resolution. [Section 5. 1 - Analysis of
Results]
10. Implementation and documentation The process of implementing decisions
resulting from the simulation and
documenting the model and its use.
1.2 Heat Pump
Any power producing cycle, whose process can be performed in the reverse direction and in
the reverse order, will serve as a Heat Pump cycle.
Carnot cycle is the ideal cycle. A Heat pump model can be used both in cooling
(Refrigeration) & Heating cycles.
The purpose of a heat pump is to pump heat from a low temperature reservoir to a higher
temperature reservoir. A heat pump thermodynamic cycle can be explained considering the
processes that the refrigerant undergoes in the four components namely Condenser, Throttle
valve, Evaporator and Compressor.
A heat pump cycle provides an excellent example for a continuous as well as a discrete event
simulation. The processes involved in a heat pump cycle are dependent on a number of
interdependent variables.
Besides the basic four components there are, for practical reasons, many other components in
an actual heat pump system such as tubes connecting basic elements, 4-way valve enabling
refrigerant flow reversal for the unit t^operate in the heating and cooling mode, accumulator
which acts as a protective device for the compressor by storing excess refrigerant from
entering the compressor. All the above mentioned components make up an actual vapor
compression system.
1.3 Importance of a Heat pump simulation
Simulation of a heat pump performance is important in practical applications where the
component performance needs to be matched in a system, or where the operating parameters
need to be selected to obtain optimum performance.
Tools available in simulating a continuous as well as discrete event model are employed to
provide an efficient model for studying the heat pump performance. The flow of a refrigerant
in a heat pump, being continuous requires the changing of its state to be defined very
precisely and this is one of the areas where the continuous modeling aspect in simulations
come into play. In the same note if there are sudden changes occurring due to external




The performance of a heat pump depends not only on the individual components but also on
their interaction with each other. The performance in actual systems further depends on the
amount of refrigerant and operating conditions. These intricate relations are linked to the
amount of refrigerant in the system, as well as operating and design conditions.
The first heat pump computer model publicly available was developed by Hiller and
Glicksman (1976). Their model was intended to simulate a heat pump in the heating mode,
and it became the basis for later models with more adaptability. Following their work, many
other computer models have been developed and used by manufacturers and researchers.
2.2 Review of earlier models
Damasceno (1990) compared three software programs used for modeling a heat pump. He
used Mark III, HPSIM, and HN and for each of these programs a set of input data are to be
specified based on the requirement of the model. The components of the heat pump were
modeled individually in each of the three languages. For example as seen in Table 2. 1 the
basic input routines for modeling the compressor are shown and it can be seen that the input
data is different for each of them.
MARK III language has two options for the compressor. One is to use a model including
effects of different compressor parameters on the heat pump performance, based on losses
and efficiencies and accounted for in the internal energy balances. Heat losses related to heat
transfer from the discharge tube to the low side refrigerant gas and from the compressor shell.
These losses may be specified directly or as a fraction of the power input to the compressor.
The second option is to use a routine where the compressor power consumption and the mass
flow rate are determined through functions of the form
f(Tc, Te) = a + bTc +
cTc2 + dTe +
eTe2
+ fTcTe





are obtained from curve fitting experimental
performance curves generated from calorimeter measurements, which are provided by
manufacturers. Such models are called map based models. The first compressor model used
the compressor maps specified by the manufacturers data for specific compressor types.
These maps are,generated for specific refrigerant conditions a correction is made during the
calculations to adjust the conditions encountered during simulations (Dabiri and Rice 1981).
Fisher and Rice (1983) found that the calorimeter map based models predicted the
performance more accurately than the first option over the same range of operating
conditions.
The second model was the loss and efficiency-based compressor model. This model had
drawbacks as it could not predict the compressor performance as accurately over the same
range of operating conditions as the map based model. These models were however well
suited for studying internal compressor improvements and interactions and their effect on the
system performance.
MARK III program features subroutines for short orifices and thermostatic expansion valves.
Components of the heat pump, such as reversing valve, fans, and accumulator receive some
or no attention in the studied models. The program is divided into a high side and a low side.
The high side includes the compressor, condenser, and the expansion device, while the low
side contains the evaporator.
In the MARK III program, pressure drop in the air side due to the coils, including fins and/or
air duct effects are accounted for and in addition the user can specify whether or not the heat
generated by the fan is to be included in the energy balance. Also in the MARK III program
line losses are accounted for, by the specification of the rate of heat lost by the liquid line.
MARK III is divided into two main parts namely, the high side and the low side. The high
side includes models for the compressor, condenser, and the expansion device, while the low
side contains the evaporator.
The heat pump model designed using MARK III was developed to provide a general tool for
the prediction of the steady-state performance of existing and new designs of electrically
driven air-to air heat pumps.
The logic of convergence in the MARK III program is well described in Fischer and Rice
(1983). The organization and iteration procedure follow closely the logic of the general
algorithm featured in the earlier versions of theMARK III program.
HPSIM adopted a tube-by-tube method
,
in which the performance of the heat exchanger is
simulated by doing calculations over isolated tubes independently. The HPSIM model
simulates a heat pump system in which the expansion device is of constant flow area (either a
capillary tube or a short orifice). The simulation starts with the compressor model making
use of guessed refrigerant pressure to determine the mass flow rate. The HPSIM model
accounts for heat transfer and pressure drop in a reversing valve empirically from a
simplified assumption of flow in a tube with some sort of expansion or contraction.
The compressor model used in HN was a map-based model from Fischer and Rice (1983).
The reversing valve accounted for in the HN program include characterizing parameters for
mass leakage, heat transfer losses and pressure drops at the valve. According to Nguyen
(1986), Damasceno et al. (1986, 1987, 1988) the above mentioned parameters may be
determined from laboratory tests.
In MARK III and HN programs the energy balance is applied separately to the regions of the
coil with either single or two phase flow condition, and the both differed in the process of




































Components used in MARK III, HPSIM & HN models
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2.3 Simulation using SimTool
Buckman (1990), has reviewed the current status of a general user friendly fluid/thermal
systems simulation program called SimTool. It is a general purpose computer program for
simulating complex fluid/thermal systems. The user specifies the components of the system
in an English-like model file. The system flow path is established by specifying the
interconnections between the system components. Numerous component models are
included in the standard component libraries and additional component models can be created
by writing source code in Fortran or C. The available component models in simulating
advanced thermal systems include pumps, compressors, turbines, storage tanks, gas charged
tanks, condensers, evaporators, throttling valves, pipes, tees, and many other system
elements. The simulator contains fluid property routines to calculate the enthalpy, entropy,
specific volume, absolute viscosity, thermal conductivity, and surface tension.
2.4 EVSIM program
Domanski (1991), discusses the simulation program called EVSIM that is based on a tube-
by-tube approach, for the simulation of an evaporator with Non uniform One-Dimensional
Air distribution. The program is written in Fortran 77 and makes use of standard Fortran
mathematical functions.
Conceptually EVSIM is said to consist of two different functional parts. One part for
evaluating the performance of a finned tube and the other part to select tubes for evaluation in
a proper order assigning the values of inlet parameters of the refrigerant and air needed for
calculations. EVSIM can also simulate a single-slab evaporator equipped with on expansion
device and a two-slab evaporator equipped with either one or two expansion devices.
2.5 Component based simulator
Silver (1989), describes the general features of CBS/ICE (Component-based simulator). The
program has a component based structure which makes it a flexible tool that accommodates a
variety of system configurations with a minimum code. Many components have been added
to the CBS component library such as Compressors, Refrigerant receiver tanks, Condensers,
Evaporators, and Expansion valves. The advantage ofmaintaining such a component library




3.1 Problem Definition :
The heat pump cycle is to be investigated under a refrigeration mode and the whole process is
to be simulated using SIMAN's Discrete and Continuous simulation capablities. The
variables that keep changing continuously within the Heat pump cycle are defined as state
variables in SIMAN which monitors the changing state of each variable. The continuous
event of SIMAN is the flow of refrigerant through the liquid, while the discrete part is the
turning on and turning off the heat pump depending on the temperature in the tank that
supplies water for heat transfer in the evaporator.
3.2 Introduction to SIMAN
SIMAN is a combined discrete-continuous simulation analysis language for modeling
general systems. The language contains a number of features that make it particularly useful
for modeling manufacturing systems. SIMAN is a Fortran based simulation language. The
language is designed to allow simulation programs to be entered using either batch input
statements or in an iterative mode.
In SIMAN, we model continuous systems by coding the state and differential equations in
Fortran or C. These equations, which define the model's state variables, are inserted into
subroutine STATE, which is called by SIMAN during the simulation's execution. The
subroutine computes the current value of either the state variable or the corresponding
derivative value for each state variable in the model and returns these values to SIMAN. For
those variables defined by derivatives, SIMAN automatically numerically integrates the
derivative values by using a Runge-Kutta method, which yields values for the state variables
over time.
While modeling a continuous system the
models would consist of a relationship for the state
of the system over time. If we denote the state of the system by x, then our objective is to
find a function f such that:
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x = f(t, A,xo)
where: t denotes time.
A denotes parameters of the model, and
xo denotes the initial conditions of the system.
This relationship is known as a state equation.
Also it is possible to develop a relationship for the rate of change of x with respect to time.
This quantity is called the derivative of x with respect to time.
For the Heat pump model there is a continuous flow of refrigerant through the system over
time. The pressures & temperatures change continuously at different stages in the system.
These would be the state variables applied to SIMAN.
The objective of this work is to develop a continuous simulation model of a Heat pump
model using SIMAN with State variables declared in Fortran and finally test the model for
sample cases & generate graphs for the different variables with respect to time.
3.2.1 State and Rate Equation definitions in Subroutine State
The Subroutine STATE must have numbers assigned to each of the continuous state variable
in the model. For state variables defined directly by a state equation, the current value for the
state variable is returned in S(n), where n is the state variable's number. For those state
variables defined by differential equations, the current value of the derivative is returned in
D(n), where n is the state variable's number.
In addition to the D(Derivative) and the S (State) variable, SIMAN provides an array named
X, which is in the COMMON block Called "SIM
"
and can be used for storing coefficients or
flags associated with differential equation. Although user-defined variables can be used for
the same purpose, the X array provides an efficient method for passing data between the
discrete and continuous components of the model.
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3.2.2 SIMAN software organization for Discrete and Continuous models
As shown in Figure 3.1, a SIMAN simulation is divided into distinct activities such as the
System Model Frame development, Experimental Frame development, and analysis of data.
The software is further subdivided into five individual processors which interact through four
data files.
The model processor is used to construct a block diagram, the Experimental processor that is
used to define the experimental frame for the system model, the link prcessor that combines
the model and the experimental files, the user written Fortran subroutines like the PRIME,
EVENT, STATE and WRAPUP, and finally the output processor that is used to analyze,
format and display the data contained in the output file.
13
f~
Interactive ~\ f Input
I Input j (Command I






For the Heat pump model a dummy model frame was written with a Begin and End
statements. An experimental frame contained that defines the experimental conditions (run
length, initial conditions, etc.) under which the model is exercised to generate specific output
data.
3.3 Introduction to the Heat pump cycle
A Heat pump performs the pumping of heat from a low temperature environment
(evaporator) to a high temperature environment (generally atmosphere). The working fluid
in a Heat pump is called refrigerant, and it undergoes a thermodynamic cycle, called vapor
compression cycle as it passes through various components.
The basic components of a Heat Pump cycle are shown in Figure 3.2. It consists of a
Condenser which is a Heat exchanger that has a high pressure refrigerant vapor coming in at
its inlet and gets condensed into liquid refrigerant at the outlet. The next component is the
throttle valve which is a pressure reducing device. Following the throttle valve is the
Evaporator which is similar to the condenser except that it converts the liquid refrigerant to
vapor at its outlet. The compressor is the next device following the evaporator which
increases the Temperature and pressure of the refrigerant vapor.
A Heat pump thermodynamic cycle can be explained considering the processes that the
refrigerant undergoes in the four basic components. The most convenient diagram for such
explanation and performance analysis is that of a pressure vs. enthalpy coordinate system, as
shown in Figure 3.3.
The compressor receives low pressure and temperature refrigerant at state 1 and compresses
it to a high pressure. This compression process is associated with an increase of refrigerant
temperature. At state 2, the high pressure and high temperature vapor enters the condenser.
The refrigerant passing through the condenser
rejects heat to the high temperature reservoir
and changes, to a subcooled liquid at state 3. Then, the refrigerant flows through the
expansion device undergoing a drop in pressure and temperature.
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Finally, the low pressure, low temperature refrigerant at state 4 enters the evaporator, where
it picks up heat from the low temperature reservoir, reaching a superheated vapor state 1 at
the evaporator exit. The above mentioned explanation on low and high temperature














Schematic of the Heat Pump model
investigated under Refrigeration mode
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reservoirs are the indoor and outdoor environment, when the heat pump is operating in the
cooling mode.
The T-s (Temperature-Specific entropy) diagram shown in figure 3.4 shows that the
temperature rises from state point 1 which is the inlet of the compressor, to state point 2
which is the outlet of the compressor relatively in the P-h (Pressure-Enthalpy) diagram
shown in Figure 3.3 an increase in pressure is seen from state point 1 to 2. Similarly the
temperature drops down from a superheated state 2, to a lower temperature before entering
the condenser and remains a constant in the condenser. The refrigerant then undergoes a
drop in temperature and pressure in the throttle valve and finally in the evaporator a constant
temperature is maintained with only a change in entropy.
The most convenient diagram for explaining the overall heat pump cycle is the pressure vs.
enthalpy diagram. The compressor receives low pressure and temperature refrigerant at state
1 and compresses it to a high pressure. This compression process is associated with an
increase of refrigerant temperature. The high pressure and high temperature vapor enters the
condenser at state 2. The refrigerant passing through the condenser rejects heat to high
temperature reservoir and changes, usually to a subcooled liquid at state 3. The refrigerant
then flows through the expansion device undergoing a drop in pressure and temperature.
Finally the refrigerant enters the evaporator, where it picks up heat from the low temperature











The condenser is basically a heat exchanger inside which refrigerant gas flows and gets
condensed to liquid.
The condenser module was chosen to be the start point of the whole simulation.
As a first step temperature at inlet of the condenser is initialized. A call to the subroutine
Condenser from subroutine STATE, switches the control to the subroutine program where
the following variables like the Overall Heat transfer coefficient * Area (UAc), Enthalpy at
condenser inlet (h2), Mass flow rate (mc), Condenser temperature (Tc)
The Heat transfer rate is obtained as a function of UAc and DT. Saturated liquid enthalpy at
the condenser outlet is obtained as a function of assumed value of the outlet temperature.
Newton Raphson method has been used in order to optimize the assumed value of













Schematic of condenser with the flow of refrigerant R-12
Nomenclature :
h2 = Enthalpy at condenser inlet.
I13 or hi = Enthalpy at condenser outlet.
T2 = Temperature at condenser inlet.
19
T3 = Temperature at condenser outlet.
P2 = Pressure at condenser inlet.
P3 = Pressure at condenser outlet.
mc = Mass flow rate of the refrigerant.
Qc = Heat removed from the condenser.
Refrigerant used = R12
Input specifications :
U*
Ac ( Overall Heat transfer coefficient * Effective heat transfer surface




mc (Mass flow rate)
Governing equation :
Q =mc(h3 h2) also
Q =U*AC(T3-TC)
Equation development :
Q = mc (I13 - h2) also
Q = U*Ac (T3 - Tc) (3.1)
From the governing equation :
I13 = h2 - Qc/mc
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Substituting the value of Qc from equation 3. 1 we get
h3 = h2 U*Ac(T3-Tc)/mc
Since h_ is obtained as a function of temperature at the condenser outlet (T3) we
have
f(T3) = h2 - h3 - (U*AC(T3 - Tc)/mc) = 0 ------ - ----- (3.2)
Taking the derivative of equation 3.2 we get
f(T3) = -(DI13/DT3) - (U*Ac/mc)
Using Newton-Raphson convergence technique
T3NEW = T3 OLD - (f(T3)/f (T3))
3.4.2 Evaporator module :
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Figure 3.6
Schematic of evaporator with refrigerant flow
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Nomenclature
h4 = Enthalpy at evaporator inlet.
hi = Enthalpy at evaporator outlet.
T4 = Temperature at evaporator inlet.
T 1 = Temperature at evaporator outlet.
P4 = Pressure at evaporator inlet.
Pi = Pressure at evaporator outlet.
Qe = Heat added to the evaporator.
Input specifications :
U*
Ae ( Overall Heat transfer coefficient * Effective heat transfer surface




me (Mass flow rate)
Governing equation :
Q =m_(hi h4) also
Q =U*Ac(Te-TD
Equation development :
Qe = mc (hi - 114) also
Qe = U*Ae ( Te - T_OLD ) (3.3)
From the governing equation :
hi = I14 - Qe / me
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Substituting the value of Qe from equation 3.3 we get
h i = h4 - U*Ae ( Te - TiOLD ) /me
Since hi is obtained as a function of temperature at the evaporator outlet (Ti)
f (TD = hi - h4 - ( U*Ae ( Te - TiOLD ) / me ) = 0 (3.4)
Taking the derivative of equation 3.4 we get
f (Ti) = ( Dhi /DTi ) + ( U*Ae /me )
Using Newton-Raphson convergence technique
TiNEW = Ti OLD - ( f(Ti) /
f
(Ti) )
3.4.3 Compressor module :
The Compressor is one of the four essential parts of a vapor compression cycle and may be
of the reciprocating, rotary, helical rotary, or centrifugal type.
Nomenclature :
hi = Enthalpy at compressor inlet.
h2 = Enthalpy at evaporator outlet.
T i = Temperature at evaporator inlet
T2 = Temperature at evaporator outlet.
Pi = Pressure at evaporator inlet.
P2 = Pressure at evaporator outlet.
PD = Piston Displacement.
ti
= Volumetric efficiency.
W = Work done on the Compressor.
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hi = Enthalpy at compressor inlet.
h2 = Enthalpy at compressor outlet.
h2i = Ideal Enthalpy at compressor outlet.
Y = Cp/Cv = Constant.









Pi (Compressor inlet pressure)
P2 (Compressor outlet pressure)
Governing equation :
W = [ Y / (1-v) ]
*
Pi*Vi*[ (P_/P_)Y-1 -1) ]
Equation development :
The value of y is obtained from the following expression
y = Cp / Cv where Cn is the Specific heat at constant pressure
and Cv is the Specific heat at constant Volume.
The value of Cp was obtained from the Steam Tables corresponding to the
outlet temperature of the Compressor and the value of Cv was found from the
following equation
Cy Cn - R
where R is the Universal Gas constant.
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The value of R is obtained from the equation
R = R/M
where M is the Molar weight of the R12 refrigerant




since Q = 0 as there is no Heat Transfer tanking place we get
h2i = hi- W
From the Efficiency equation
Tli
= ( h2i - hi ) / ( h2 - hi )
we obtain
h2 = hi + (h2i-hi)/ej
The volumetric efficiency of the compressor is obtained by the equation
r\ = (1 + C
- (C* (P2 / Pi) 1/Y)









3.5 Data acquisition and specification





hand book. The properties of the refrigerant 12 was chosen and various polynomial
curve fits were setup in order to form the relationships between the various parameters.
The curve fit shown in Appendix B.l represents the pressure- temperature curve which is
obtained for a temperature range of 200F to 385. 17F and a pressure range of 9957 Pa to
41 16000 Pa. The curvefit equation obtained was









where y represents pressure and x represents the corresponding temperature.
Appendix B.2 presents the relationship between Inverse of temperature vs. the natural
logarithm of pressure and the ranges are similar to the values in Appendix B.l The curvefit
equation obtained was
y
= 8.0413E-3 - 2.8968E-4x - 4.4986E-6x2
where y represents Inverse value of
temperature and x represents natural logarithm of
pressure.
The volume vs. pressure curvefit is presented in Appendix B.3 which relates a volume in the
range of .000623 m3/kg to .001700 m3/kg and the
curvefit equation was
y
= 6.4719E-4 + 2.6824E-10x -
1.8788E-16x2 +
8.8934E-23x3 - 1.4490E-29X4
where y represents volume and x
represents the pressure.
Appendix B.4 gives the temperature vs. enthalpy relationship
for which the enthalpy range
is between 0 kJ/kg to 209.51 kJ/kg. The curvefit equation is given by
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y = 200.10 + 1.1430x + 3.8037E-4x2 - 1.3447E-5x3 + 6.9584E-8x4 - 2.0151E-10X5
where y represents the temperature, x represents liquid enthalpy.
Enthalpy vs. temperature curvefit graph is shown in Appendix B.5 and the curvefit equation
for that relationship is given by
y = -4.4330E6 + 8.0349E4x - 587.41x2 + 2.1502x3 - 3.9018E-3X* + 2.8128E-6x5
where y represents iiquid enthalpy and x the corresponding temperature.
The Appendix B.5 shows the relationship between the enthalpy in the liquid-vapor region vs.
the temperature and the equation for curvefit is given by
y = 4.7244E5
- 3041.0x + 11.139x2 - 1.5761E-2x3
where y represents enthalpy in the
liquid-vapor region and x represents the temperature.
Finally Appendix B.6 shows the vapor enthalpy vs. temperature and the range for the vapor
enthalpy is from 183020 J/kg to 241 J/kg. The curvefit equation for this relationship is given
by
y = 2.0045E5
- 923.09x + 5.8108x2 - 8.1153E-3x3
where y represents vapor enthalpy and x represents temperature.
Each of the above mentioned equations are used in order to obtain relationships between
variables and these are stored as state variables by SIMAN and used in processing the
continuous change in the values and optimizing the values for running the cycle.
3.6 Model Translation using SIMAN Subroutines
The SIMAN subroutine was modeled as a combined Discrete and Continuous model. The
refrigerant flow through the various modules (Condenser, Evaporator, Compressor) was
modeled as a continuous simulation and the flow of water from an external tank into the
Evaporator was modeled as a discrete simulation.
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The subroutine STATE as mentioned in the earlier chapters is called by SIMAN only for the
continuous modeling constructs. The state variables involved in the Heat pump cycle were
defined in this subroutine.
All the state variables in the Heat pump cycle were defined in the initializing phase, using the
"EQUIVALENCE"
statement in Fortran. The
"COMMON/SIM"
statement was used for




statement was used to pass the Fortran variables between the subroutines.
The first step in the Subroutine STATE was to Call the Compressor module and obtain a
mass flow rate value for the refrigerant R12, used in the system.
Once the mass flow rate was determined the next step was to initialize a condenser outlet
temperature that was assumed and using that value the Condenser module was called next to
obtain the new outlet converged outlet temperature value and for achieving that
Newton-
Raphson method was used. Using the Function subprogram
"P3(Ti)"
that was obtained from
the graph shown in Appendix B.l the Pressure at the condenser outlet was calculated
corresponding to the condenser outlet temperature.
Following the condenser, the next call was to the Evaporator module for which the input
variables like the enthalpy, evaporator temperature, mass flow rate and an assumed
evaporator outlet temperature are specified and the new evaporator outlet temperature is
returned after the convergence in the evaporator module. Using the new temperature value
the Function subprogram "PVAP
(Tv)"
is called to return a evaporator outlet pressure value
corresponding to the evaporator outlet temperature. The equation for the function
subprogram is obtained from the curvefit graph shown inAppendix B.l.
As a part of the discrete event modeling the evaporator surrounded by a water jacket and the
water was pumped from a recirculating water bath. The water bath was given a certain
amount of heat load (Qload) and was controlled within a specified upper and lower
temperature limit. It is specified that if the Qload increases and reaches the upper
temperature limit then the Heat pump is turned on and once the cycle begins the Qload starts
to decrease and runs till the lower temperature limit is reached and once that condition is
achieved the heat pump is turned off. The subroutine
"Event"
written in SIMAN specifies
the switching off the heat pump or turning it on, depending on the condition given in the
experimental frame of SIMAN.
^g
The next module is compressor and the Work done on the Compressor is calculated. The
input variables used in this module are the enthalpy at the compressor inlet, the ratio of
specific heat, compressor efficiency, piston displacement and pressure. The function
subprogram TEMP (P2) was used to calculate the compressor outlet temperature
corresponding to the compressor outlet pressure. Using the compressor outlet temperature
obtained from the previous equation the function subprogram HVSAT(TV) is called to obtain
the ehthalpy at compressor outlet. To obtain the inlet temperature value the function
subprogram TEMP (P2) was used and corresponding to the compressor inlet temperature the
enthalpy at compressor inlet is calculated from the function subprogram HVSAT (Tv).
3.7 Model Verification
The output file obtained from SIMAN is presented in Appendix A.3. Based on the state
variable numbers specified in the subroutine STATE, the first state variable is T3 for which
the converged value obtained is 346.30 K. The initial value supplied for T3 was 345K
and the new value of T3 was obtained by the Newton-Raphson convergence criteria and the
SIMAN processor was used for error checking.
The similar procedure was adopted for obtaining the outlet temperature of the evaporator and
the output value was 276.71 K. The assumed value for initialization was 282 K. It can
also be seen in Figure 3.4 that the temperature T3 which is the condenser outlet temperature,
is higher than Ti which is the evaporator outlet temperature.
For obtaining the value of P2 and Pi the equations obtained from the curvefit graphs shown
in Appendix B. The pressure values are obtained as a function of the corresponding
temperature values.
The work done on the compressor W, was found to be 4865 Joules. This was obtained from
the subroutine compressor and the optimization done by SIMAN. Similarly the other outputs
Qc (Heat released by the condenser) and Qe (Heat gained by the evaporator) were found to
be 12781 J/sec and 10207 J/sec respectively. These output values obtained are specific to
Refrigerant 12 (R- 12).
29
The flow of water from the tank to the evaporator as mentioned earlier was applied as a
discrete event. The Qload that is applied to the water tank was varied for different test cases
and the corresponding tank temperatures were obtained.
3.8 Model validation
The relationships used in the heat pump model were related to the work done by Domanski
(1983) and Didion (1983). For the compressor, in modeling the cylinder process, both
compression and the expansion process are assumed to be polytropic with the same






V = refrigerant vapor specific volume
All the equations used for modeling the compressor have been obtained from previous work
and the equations have already been validated and accepted. The curve fit graphs shown in
Appendix B for relationships between pressure-enthalpy, pressure-volume, temperature-
pressure etc., were obtained from property tables and hence are accurate in their results.
For the condenser and the evaporator model the Newton-Raphson's technique was used and
the error checking done by SIMAN. The condenser and the evaporator have similar working
principles and hence the basic equations used for the two modules were almost the same. For
the discrete event taking place in the evaporator, the Qload values were varied and the tank
temperatures were plotted.
3.9 Experimental conditions
The heat pump model has been analyzed for various test conditions by varying some of the
input parameters. In the evaporator for example we have a continuous and a discrete event
taking place. For the discrete case were a water tank is used for circulating water for heat
transfer, the Qload condition was varied from a value of 2000 to 8000 J/Sec. The graphs
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obtained are shown in Appendix C. Similarly the evaporator temperature Te can be varied
and various output cases can be obtained.
For the condenser the temperature Tc (condenser temperature) can be varied for obtaining
various test case results. Also by varying the input parameters like the Piston displacement
and the mass flow rate we can obtain a number of test case results.
Elements Ranges
Te 280 - 285K
Tc 338 - 342K
Qload 2000 - 8000 Watts
Note : The refrigerant used for this model is R-12.
3.10 Experimentation
The SIMAN structure as shown in Figure 3.1 explains the relationship between the
Experimental frame, Model Frame and the User-written subroutines. The experimental




extension for the file and the model frame uses a ".MOD
"













is compiled separately using the Fortran compiler and a ".OBJ
"
(object) file is generated.









Upon doing the SIMAN processor generates an output file with a ".OUT
"
extension
containing the results from the simulation.
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CHAPTER 4
Description of SIMAN commands
4.1 DISCRETE Element
DISCRETE element defines the variables associated with discrete systems. In the Heat pump
model the tank temperature is the discrete element and hence the specification includes the
maximum number of concurrent entities in the system and the maximum number of general




MENT The maximum number of concurrent entities in the 0
system, specified as an integer constant;
MATB The maximum number of general purpose attributes 0
associated with an entity, specified as an integer constant.
NFIL The number of files in the system, specified as an integer 0
constant.
NSTA The number of stations in the system, specified as an 0
integer constant.
4.2 CONTINUOUS Element
CONTINUOUS element specifies the integration parameters of a continuous model. This
element has been included in the experimental frame for all the continuous variables in the
heat pump model. The CONTINUOUS element must
follow the PROJECT element and
precede all other elements except the DISCRETE element.
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Format
CONTINUOUS, NEQD, NEQS, DTMIN, DTMAX, DTSAVE, AERR, RERR, SERR;
Operand Description Default
NEQD The number of differential equations, specified as an
integer.
0
NEQS The number of state and difference equations, specified
as an integer.
0
DTMIN The minimum allowable step size, specified as a real 1.
constant.
DTMAX The maximum allowable step size, specified as a real
constant.
1.
DTSAVE The time between save points for recording the values
of CSTAT variables, specified as a real constant
AERR The absolute single step truncation error of the RKF
algorithm, specified as a real constant.
.00001
RERR The relative single step truncation error for the RKF
algorithm, specified as a real constant.
.00001
SERR The severity of the accuracy error when a step size
smaller than DTMIN is required. The options are: F
Fatal error terminating the simulation;W
- Warning
message with the simulation continued; or N - No
message and the simulation continued.
W
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The first operand of the element specifies the number of differential equations involved in the
model. For the heat pump there are no differential equations and hence the value is zero.
The NEQS operand specifies the number of State variables used in the model. There are 17
state variables specified for the heat pump model. The next five operands control the
integration time step size, DTFUL. SIMAN uses a variable step size algorithm that
continuously adjusts DTFUL based on the accuracy achieved on the previous step. The value
of DTFUL is always selected in the range from DTMIN to DTMAX. For the heat pump
model since we have no differential equations (NEQD equals 0), a fixed step size is used and
DTFUL is set to DTMAX.
The operand DTSAVE specifies the time between save points for recording the values of
continuous variables.
4.3 CSTAT Element
The CSTAT element is used to record time-persistent statistics on continuous change
variables. In the heat pump model the statistics are to be maintained for 17 variables and
these observations are automatically recorded on all the continuous variables specified in the
CSTAT element every DTSAVE time units.
Format




The CSTAT variable number specified as an integer. None
The variables should be numbered consecutively
beginning with 1.
CVAR The continuous variable to be recorded, specified as
S(K) or D(K), where K is an integer.
None
ID The variable identifier used to label the output
statistics in the SIMAN Summary Report. The
identifier must begin with a letter and be a maximum
of 16 characters long.
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Blank
NUNIT The output unit number for saving observations, No values
specified as a positive integer. This value is saved
automatically incremented by one on subsequent
runs.
The observations recorded for each CSTAT variable event consist of a pair of values (z,t),
where z is the value of the variable and.t is the time when the value was recorded. These
observation pairs are used to compute the mean, standard deviation, minimum value and
maximum value that appear on the SIMAN summary report. The calculation of the mean and
standard deviation require the area under the curve of the variable. This is calculated
internally by the SIMAN processor.
4.4 EVENTS Element
The EVENTS element is used to define the interface in a combined discrete/continuous
model between the continuous component and the user-coded discrete-event subroutines.
This element specifies the event numbers to be executed at each occurrence of the specified
state event. Whenever the state event occurs, SIMAN processes the event by calling the
user-written subroutine EVENT(L,N) where N represents the number of the event to be
executed.
Format





The event number, specified as an integer constant
Default
None
The crossing variable, specified as S(K) or D(K), where None
K is an integer.
XD
THRES
The crossing direction, specified as P, N or E. None
The threshold value, specified as S(K), D(K) or a real None
constant, whereK is an integer.
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TOL The crossing tolerance, specified as a real constant 0.0
For the heat pump model the subroutine EVENT controls the turning off or turning on of the
heat pump depending on the tank temperature. The EVENTS element in the experimental
frame specifies an upper and a lower bound temperature within which the tank temperature
should lie in order for the heat pump to be turned on or off.
4.5 REPLICATE Element
The REPLICATE element specifies the number of simulation runs. The element specifies
the beginning time of the first run, the maximum length of each run, and the initialization to
be performed between runs.
Format




The number of simulation runs to execute, specified
as an integer constant
Default
TBEG The beginning time of the first run, specified as a real
constant.
0.0
DTRUN The maximum length of each run, specified as a real Infinite
constant.
ISYS Option for initializing the system status between runs,
specified as YES or NO.
Yes
ISTAT Option for discarding previous observations between





5.1 Analysis of Results :
The heat pump model was modeled for running as a combined discrete and continuous
simulation. The results were generated using the SIMAN general processor and the graphs
were obtained using the SIMAN output processor. For all the results generated by SIMAN
the minimum, maximum, mean and the standard deviations were specified which clearly
verifies the range of values generated by the SIMAN processor after performing the iterations
for each of the variables specified. The analysis of the whole system was done in three cases
as shown in table 5. 1.
For the tank temperature cut off range between 280-283, and with the Qload value at 2000
J/sec, it was seen that the heat pump was kept in an idle state (off condition) for a time span
of about 5.75 hrs. The running time was close to 2.5 hrs. When the Qload was increased
from 2000 to 4000 J/sec, the idle time was 5.25 hrs. while the running time of the heat pump
was around 2.75 hrs.
Upon increasing the Qload to 5000 J/sec with the same tank temperature cut off range, the
idle time was 4.75 hrs. and the running time was 5.25 hrs. Finally for a Qload of 8000 J/sec,
the idle time the idle time dropped from 4.75 hrs. to 3 hrs., while the running time went up
from 5.25 hrs. to 5.50 hrs.
The results obtained from the first test case showed that the Qload was directly proportional
to the running time of the heat pump and inversely proportional to the idle time. A similar
procedure was carried out for varying tank temperature ranges for turning on the heat pump
and turning it off.
The new range of 5 degree temperature range for cut off was chosen. The first Qload value
chosen for case 2 was 2000 J/sec as shown in Figure 5.2a. For this case it turned out that the
idle time was close to 1 1.75 hrs. while the running time was 6.75 hrs.
The second Qload value chosen was 4000 J/sec for which the idle time was 11.5 hrs. and
running time about 7 hrs.
When the Qload was increased to 5000 J/sec the idle time
37






1 5.1a 2000 280-283 3
1 5.1b 4000 280-283 3
1 5.1c 5000 280-283 3
1 5. Id 8000 280-283 3
2 5.2a 2000 279-284 5
2 5.2b 4000 279-284 5
2 5.2c 5000 279-284 5
2 5.2d 8000 279-284 5
3 5.3a 2000 275-285 10
3 5.3b 4000 275-285 10
3 5.3c 5000 275-285 10
3 5.3d 8000 275-285 10
Table 5.1
Three cases considered for analysis
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dropped to 10 hrs. and brought an increased running time of about 13.5 hrs. The last run for
case 2 was with carried out for a Qload of 8000 J/sec. The idle time seen for this condition
was around 6.75 hrs. while the running time was 13.75 hrs.
Thus from the results obtained from case 2 it was seen that the ratio of running time to that of
the idle time increased as the Qload increased. The behavior of the graphs were similar to
that of case 1.
Case 3 was carried out for the same set of Qloads (2000, 4000, 5000, 8000 J/sec) but with an
increased temperature range for cut off. The temperature range was set to 10 degrees. It was
seen that for the condition of Qload being 2000 J/sec, the idle time was abut 16 hrs. while the
running time was close to 13.75 hrs.
When the Qload was increased to 4000 J/sec, the idle time was 15 hrs. The running time for
the heat pump was 13.5 hrs. As shown in figure 5.3c and d. for the Qloads 5000 and 8000
J/sec respectively, the running time for the heat pump is long while the waiting times are
relatively small.
From the 3 cases discussed above it is clear that the Qload variations in relation to the
temperature cut off points would serve as a tool to enable us achieve optimum running
conditions for a heat pump model. And depending on the output conditions desired the
Qload values can be chosen.
5.2 Conclusions
The heat pump and a water chiller system was simulated using the SIMAN simulation
software. The refrigeration system of the heat pump was simulated using a continuous event
model and a water tank was used as a control switch to turn the heat pump on or off
depending upon the temperature variations. The turning on and off was modeled in as a
discrete event simulation.
The results generated from the simulation model provided the transient response behavior of
the entire system. Further more the simulation model can be extended for more complex
systems. The program is flexible to incorporate any map based performance curves for
individual components to yield more accurate predictions for specific conditions.
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Figure 5.1 a
TANK TEMPERATURE FOR Qload = 2000 J/sec
***************************************
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TANK TEMPERATURE FOR Qload = 4000 J/sec.
****************************************
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TANK TEMPERATURE FOR Qload = 5000 J/sec.
****************************************
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Figure 5.1 d
TANK TEMPERATURE FOR Qload = 8000 J/sec.
****************************************
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Figure 5.2 a
TANK TEMPERATURE FOR Qload = 2000 J/sec
***************************************
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Figure 5.2 b
TANK TEMPERATURE FOR Qload = 4000 J/sec
***************************************
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TANK TEMPERATURE FOR Qload = 5000 J/sec.
****************************************
Temperature range = 279 - 284 K
*******************************
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Figure 5.2 d
TANK TEMPERATURE FOR Qload = 8000 J/sec
***************************************
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Figure 5.3 a
TANK TEMPERATURE FOR Qload =2000 J/sec
***************************************
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TANK TEMPERATURE FOR Qload = 4000 J/sec
***************************************
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TANK TEMPERATURE FOR Qload = 5000 J/sec
***************************************













































































































































































1080.0 + + z
1095.0 + + z
1110.0 + + z
1125.0 + + z
1140.0 + + z




1215.0 + z +
1230.0 + z +
1245.0 + z +
1260.0 + Z +
1275.0 + z +
1290.0 + z +
1305.0 + z +
1320.0 + z +
1335.0 + z +
1350.0 + z +
1365.0 + z +
1380.0 + z +
1395.0 + z +
1410.0 + z +
1425.0 + z +






















































TANK TEMPERATURE FOR Qload = 8000 J/sec
***************************************
















































































































































































































690.0 + + + z +
705.0 + + + z +
720.0 + + + z +
735.0 + + + z +
750.0 + + + z +
765.0 + + + z +
780.0 + + + z +
795.0 + + +z +
810.0 + + +z +
825.0 + + z +
840.0 + + z+ +
855.0 + + z + +
870.0 + + z + +
885.0 + + z + +
900.0 + + z + +
915.0 + + z + +
930.0 + + z + +
945.0 + + z + +
960.0 + + z + +
975.0 + + z + +
990.0 + + z + +
1005.0 + + z + +
1020.0 + + z + +
1035.0 + + z + +
1050.0 + + z + +
1065.0 + + z + +
1080.0 + + Z + +
1095.0 + + z + +
1110.0 + + z + +
1125.0 + + z + +
1140.0 + + z + +
1155.0 + + z + +
1170.0 + +z + +
1185.0 + z + +
1200.0 + z + +
1215.0 + z+ + +
1230.0 + z + + +
1245.0 + z + + +
1260.0 + z + + +
1275.0 + z + + +
1290.0 + z + + +
1305.0 + z + + +
1320.0 + z + + +
1335.0 + z + + +
1350.0 + z + + +
1365.0 + z + + +
1380.0 + z + + +
1395.0 + z + + +
1410.0 + z + + +
1425.0 + z + + +
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SIMAN MODEL PROCESSOR RELEASE 3.0




5IMAN EXPERIMENT PROCESSOR RELEASE 3.0
TOPYRIGHT 1985 BY SYSTEMS MODELING CORP.
BEGIN;
10 PROJECT, HEAT PUMP CYCLE, VENKATESH SUNDARRAJ, 1/4/93 ;
20 DISCRETE, 100,2 ;
30 CONTINUOUS, 0,17, .001, .005,1.0, .00001, . 00001,W;
40 CSTAT: 1,S(1),T3:2,S(2),P2:3,S(3),T1:4,S(4),P1:5,S(5),V1:6,S(6),W,11:
7,S(7),hl:8,S(8) ,h2i:9,S(9) ,ETA: 10 ,S( 10) ,mDOT: 11 ,S(11) ,h2 : 12 ,S( 12 ) ,T1
13,S(13) ,T2:14,S(14) ,Qc, 12 : 15 ,S( 15) ,Qe, 13 : 16 ,S( 16) ,h3:
17,S(17) ,Ttank,20;
50 EVENTS : 1,S( 17 ) ,N, 281. ,1. :
2,S(17) ,P,283. ,1. ;




C Module containing SIMAN Subroutines PRIME, EVENT and STATE
C**************************************************************************
This module first supplies the input values to the compressor
model and gets the mass flow rate (mc) value from the compressor
cycle. This mc value is then supplied to the condenser model as
input. The output from the condenser module are the next set of
input values to the evaporator module.
The output from the evaporator is fed into the compressor module.
The cycle is carried out until full convergence occurs.
A water tank containing a certain amount of water is used for
Heat Transfer in the Evaporator. This is set as a discreate event
in such a way that the Heat Pump is turned ON or OFF depending on
the Water Temperature in the Tank.
NOMENCLATURE
************
1. U |;w/sq m K)
2. Ac (sq m)























Overall heat transfer co-efficient.
Effective heat transfer surface area
of the condenser.
Effective heat transfer surface area of
the evaporator.
Enthalpy at compressor inlet/Evaporator outlet.
Enthalpy at condenser inlet/Compressor outlet.
Enthalpy at throttle valve inlet/Condenser outlet.
Enthalpy at Evaporator inlet/Throttle valve outlet.
Compressor inlet temperature.
Condenser inlet temperature.








Mass flow rate of refrigerant R12.
Heat removed from the condenser.
Heat gained by the evaporator.
Work done on the compressor.
Specific Heat.
Heat added to the water tank.




* Subroutine PRIME module to initialize the input variables for
*





COMMON/SIM/D(50) ,DL(50) ,S(50) ,SL(50) ,X(50) ,DTNOW,TNOW,TFIN, J,NRUN
COMMON/ATTRIB/Pc , Pe , hv ,Tc , Te ,Qload , Cp




1 (h3,S(16) ) , (S(17) ,Ttank) , (S(18) ,HEATPUMP)
REAL UAC,h2,mDOT,Qc,Tc,T3,T4
REAL UAe,hl,h4,hv,Qe,Te,Tl,T2,Cp








































COMMON/ATTRIB/Pc , Pe , hv , Tc , Te ,Qload , Cp
















END OF SUBROUTINE EVENT
SUBROUTINE STATE
*******************************************************************
* Subroutine STATE module to control and simulate the entire *





COMMON/SIM/D(50) ,DL(50) ,S(50) ,SL(50) ,X(50) ,DTNOW,TNOW,TFIN, J,NRUN
COMMON/ATTRIB/Pc , Pe , hv , Tc ,Te ,Qload , Cp
REAL UAC
, h2 ,mDOT ,Qc ,Tc , T3 , T4 , PD , C , ei ,mt , Cp
REAL UAe,hl,h4,hv,Qe,Te,Tl,T2,Vl,InvPl,Ttank,Tt
REAL Pe , Pc , Pv , P2 , P20LD , PR1 , PR2 , P2NEW , GAMA
DATA UAc,h2,T30LD /2028 . 0 , 240820 . 0 , 345 . 0/
DATA UAe, TIOLD,mt,Tt /2028 . 0 , 276 . 0 , 143 . 53 , 282 . 0/
DATA GAMA, ei , C , PD/1 .13,0.8,0.03,0. 005654/
EQUIVALENCE (T3NEW,S(1) ) , (P2,S(2) ) , (T1NEW,S(3) ) ,
1 (Pl,Pv,S(4)),(Vl,S(5)),(W,S(6)),(hl,S(7)),
1 (h2i,S(8)) , (ETA,S(9)) , (mDOT,S( 10) ) ,(h2,S(ll)) ,
1 (Tl,S(12)),(T2,S(13)),(Qc,S(14)),(Qe,S(15)),


















C Call the evaporator subroutine and obtain the heat gained by the
C evaporator .
hi = hv





C Controlling the Heat Pump cycle based on the Tank Temperature
C The Heat Balance Equation is being used.
TIME = TNOW - TRESET
IF (HEATPUMP .EQ. 0) THEN
Ttank = Tt + (Qload*TIME)/(mt*Cp)
Tt = Ttank
ELSE
































2 | FORTRAN SUBROUTINES |
_ ***********************
SUBROUTINE COMP (PI ,P2 ,hl
,mc,W)
2 *****************************************************************
C * PROGRAM TO CONTROL THE COMPRESSOR CYCLE *
C * *
C * DEVELOPED BY : VENKATESH SUNDARRAJ. *




C 1. PI (Pa) = Pressure at compressor inlet.
C 2. P2 (Pa) = Pressure at compressor outlet.
C 3. GAMA = Ratio of Specific heats.
C 4. hi (J/Kg K) = Enthalpy at compressor inlet.
C 5. h2 (J/Kg K) = Enthalpy at compressor outlet.
C 6. ei = Efficiency of the compressor.
C 7. ETA = Volumetric Efficiency.
C 8. C = Clearance factor.
C 9. mc = Mass flow rate of the refrigerant
C 10. PD = Piston Displacement.
c





REAL PI ,VI , InvPl ,P2 ,GAMA, W,hi ,hCo,h2i ,ei
REAL C,ETA,mc
DATA GAMA / 1.13 /







h2i = hi - W








C END OF COMPRESSOR PROGRAM
C*
************************************************************************
SUBROUTINE COND(h2 ,h3 ,Tc ,Qc ,mc ,UAc ,T30LD,T3NEW)
C ******************************************************************
C * SUBROUTINE TO OBTAIN CALCAULATED SATURATED LIQUID TEMPERATURE *
C * GIVEN ASSUMED SATURATED LIQUID TEMPERATURE. *
C * *
C * DEVELOPED BY : VENKATESH SUNDARRAJ. *




C 1. U (W/sq m K) = Overall heat transfer co-efficient.
C 2. Ac (sq m) = Effective heat transfer surface area of the
C condenser.
C 3. h2 (J/Kg) = Enthalpy at condenser inlet.
C 4. h3 (J/Kg) = Enthalpy at condenser outlet.
C 5. T30LD (k) = Saturated liquid temperature at condenser
C outlet.
C 6. mc (kg/s) = Mass flow rate of the refrigerant.
C 7. Qc (J/s) = Heat removed from the condenser.
C
C NOTE : All units are in SI.
C
C******************************************************* ****************






FPRIMT3 = - DERIV - (UAc/mc)




C END OF CONDENSER PROGRAM
C*************************************************************************
SUBROUTINE EVAP (hi , h4 , Te ,Qe ,me ,UAe , TIOLD , T1NEW )
C *****************************************************************
C * SUBROUTINE TO OBTAIN CALCULATED SATURATED VAPOR TEMPERATURE *
C * GIVEN ASSUMED SATURATED LIQUID TEMPERATURE. *
C * *
C * DEVELOPED BY : VENKATESH SUNDARRAJ. *




C 1. U (W/sq m K) = Overall heat transfer co-efficient.
C 2. Ae (sq m) = Effective heat transfer surface area of the
C evaporator .
C 3. h4 (J/Kg) = Enthalpy at eveporator inlet.
C 4. hi (J/Kg) = Enthalpy at evaporator outlet.
C 5. TIOLD (k) = Saturated vapor temperature at evaporator
C inlet as a function of pressure.
C 6. me (kg/s) = Mass flow rate of the refrigerant.
C 7. Qe (J/s) = Heat gained by the evaporator.
C
C NOTE : All units are in SI.
c
C***********************************************************************
REAL hi , h4 , Te ,Qe ,me ,UAe , TIOLD , T1NEW
Qe = (UAe*(Te-T10LD) )
FT1 = hl-h4-Qe/me
DERIV = HVPRIME(TIOLD)
FPRIMT1 = DERIV + (UAe/me)



















FUNCTION TO CALCULATE DERIVATIVE OF H3 WITH RESPECT TO T3
PURPOSE : To calculate the derivative of H3 with respect to
T3
INPUT : Saturated liquid temperature T3.
OUTPUT : Derivative of Enthalpy at condenser Outlet.
UNITS : h3 in KJ/Kg, T3 in Deg K.


























P3=-7 . 757E6+1 . 0452E5*TL-477 . 23*TL**2+0 . 74195*TL**3
: To Calculate saturated liquid pressure at the
condenser outlet as a function of condenser outlet
temperature TL.
: Saturated liquid temperature TL.
: Saturated liquid pressure P3.
: TL in k, P3 in Pascal.
: Venkatesh Sundarrraj.
END




C PURPOSE : To Calculate saturated vapor temperature at the
C condenser inlet as a function of condenser inlet
C pressure P2.
C INPUT : Saturated vapor pressure P2.
C OUTPUT : Saturated vapor temperature T2.
C UNITS : P2 in Pascal, T2 in K.







C FUNCTION TO CALCULATE VOLUME OF REFRIGERANT
C
C
C PURPOSE : To Calculate the volume occupied by the
C refrigerant liquid.
C INPUT : Saturated vapor pressre PI.
C OUTPUT : Volume VI.
C UNITS : VI in cu. m/kg, PI in Pascal.
C DEVELOPED BY : Venkatesh Sundarrraj.
FUNCTION VOL (InvPl)
REAL InvPl,VOL
VOL = 6.4472E-4 + ( 1 . 6784E4 ) *InvPl - (9 . 2673E7) *InvPl**2












FUNCTION TO CALCULATE ENTHALPY AT EVAPORATOR OUTLET






: To calculate enthalpy at evaporator
outlet as
a function of saturated vapor temperature TI.
: Saturated vapor temperature TI .
: Enthalpy at evaporator outlet.














FUNCTION TO CALCULATE DERIVATIVE OF HI WITH RESPECT TO TI
PURPOSE : To calculate the derivative of HI with respect to
TI
INPUT : Saturated vapor temperature TI.
OUTPUT : Derivative of Enthalpy at evaporator outlet.
UNITS : hi in KJ/Kg, TI in Deg K.

























To calculate saturated vapor pressure at
evaporator outlet as a function of
evaporator outlet
temperature Tv.
Saturated vapor temperature Tv.
Saturated vapor pressure Pv.
Tv in K, PI in Pascal.
Venkatesh Sundarra j .
REAL PVAP,Tv



















To calculate enthalpy of the liquid-vapor
region as a function of outlet temperature,
Evaporator outlet temperature TI.
Enthalpy of the liquid vapor region.





- 3041. 0*T1 + 11 . 139*(T1**2)










FUNCTION TO CALCULATE ENTHALPY IN THE LIQUID REGION
To calculate enthalpy of liquid as a function
of inlet evaporator temperature.
Evaporator inlet temperature T4.
Enthalpy of liquid region.









hf = -4.4330E6 + 8.0349E4*T4 - 587 . 41* (T4**2 ) + 2 . 1502* (T4**3 )
L - 3.9018E-3*(T4**4) + 2 . 8128E-6*(T4**5)
END
C***********************************************************************
C END OF FUNCTION SUBPROGRAMS
C***********************************************************************
Appendix A.4
SIMAN RUN PROCESSOR RELEASE 3.0
COPYRIGHT 1985 BY SYSTEMS MODELING CORP,
SIMAN SUMMARY REPORT







RUN ENDED AT TIME : 0.1440E+04
CONTINUOUS CHANGE VARIABLES
NUMBER IDENTIFIER AVERAGE STANDARD MINIMUM MAXIMUM TIME
DEVIATION VALUE VALUE PERIOD
346.30621 0.00000 346.30292 346.30396 1440 .00
0.2020E+07 0.0000E+00 0.2020E+07 0.2020E+07 0.1440E+04
276.96857 0.00000 276.92416 276.96707 1440 .00
346655.69 0.00 346185.00 346654.00 1440 00
0.00064 0.00000 0.00064 0.00064 1440 .00
4865.64 21.07 4862.33 4865.71 1440 00
218005.69 230.76 217989.20 218007.17 1440 .00
220746.28 487.41 220744.88 220745.13 1440 00
0.88726 0.00337 0.88709 0.88727 1440 .00
7.78116 0.00000 7.77953 7.78105 1440 00
240628.20 0.00 240626.75 240626.97 1440 00
276.71811 0.00000 276.67383 276.71579 1440. 00
346.38116 1.69558 346.38348 346.38446 1440 .00
12781.26 115.38 10140.00 12782.32 1440 00
10207.61 0.00 10206.78 12168.00 1440 .00
138704.72 581.31 137159.00 138707.00 1440 00
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VAPOR ENTHALPY VS TEMPERATURE
y = 2.0045e+5
- 923.09x + 5.8108xA2 - 8.1153e-3xA3 RA2 = 1.000
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